This paper presents the design of a high performance robust resonant controller for the islanded single-phase microgrid operation on different loads conditions. The design of the controller is done using the results of Negative Imaginary approach. The performance of the proposed controller has been found much effective to track the instantaneous reference grid voltage. The simulation work has been done with the help of MATLAB/SimPower System toolbox. This shows that the proposed controller provides effective control of voltage against the uncertain load conditions.
Introduction
The necessity of continuous power supply to the load is increasing day by day. Due to this necessity the concept of Microgrid (MG) has come out. It is a part of distribution generation (DG) system [1] . The MG system is associated with low or medium distributed energy (DE) sources like wind turbines, PV (Photovoltaic cells), micro-turbines, fuel cells etc. This system is also related with consumer loads and energy storage systems (ESS) [2] [3] . Intelligent Control and Automation
The Microgrid can be operated in two modes. They are the grid connected and the islanded (stand-alone) mode [3] [4] . In grid connected mode, the DG unit voltage and frequency are controlled by the central Main-grid. In this system, the main grid is connected with the microgrid with the help of PCC (Point of Common Coupling). Here all the power supply areas are served by the main grid's determined voltage and frequency [4] [5] . In this mode, the DG units supply there real and reactive power by using dq current control strategy [6] .
And the second one is Islanded (stand-alone) mode. This mode is activated when large type of disturbance like faults, voltage collapse or poor power quality in the main grid [6] . This mode is preferable for those areas where the main grid operation is not beneficial due to long transmission loss or where the continuous power supply is the most priority issue [7] [8] . During the pick power condition, the MG system provides uninterrupted power to that load.
In a microgrid system, different types of faults can be occurred during its operation period. But when these faults are removed, there appear sudden changes in voltage level. This sudden change in voltage can cause large variation of voltage level during its transient period [8] [9] . For this, proper automated control system is essential.
Various strategies have been proposed in the recent years for the control of dc microgrid. Among then the droop control, hierarchical control, proportional-resonant (PR) control, PID control etc. are most effective.
The most well-known control technique for microgrid is the droop control technique. This is used for voltage and frequency control [10] . It ensures proper power sharing among the DG units. As it generally uses parallel inverters so that this can provide balancing power for both the grid connected and islanded operation of microgrid [11] [12] . But the main problem with this technique is that when it operates any dynamic loads then the voltage and frequency become unstable and this limits the power sharing accuracy of the MG.
The Proportional-Integral-Derivative (PID) controller is used for both the voltage and frequency regulation of microgrid system. Besides, it is used for maintaining the power balance. This control strategy can reduce the steady-state error and can improve both transient and steady-state responses [13] [14] . The main advantage of this technique is its simplicity and ease to use. The grid operator does not need high level of knowledge to design it. But the major drawbacks of this controller are that, it can't show much robustness during the operation of load dynamics. Besides it does not have enough bandwidth for the peak time operation of microgrid [14] .
The deadbeat controller is used for the control of voltage and current in the MG. As it is generally a mathematic based controller so it provides fast transient response with less overshoot. Besides it reduces the switching frequency of the inverter [15] . But the drawback of this controller is that it is so much sensitive to the load parameters. This means if the load parameters can't remain constant then the performance of the controller will decrease though it has good dynamic and send it back to the controller. But the main problem is that it reduces the efficiency of the system for its slow control loop system and low bandwidth [18] .
Another multi-level control technique called Hierarchical is being used to achieve higher BW and steady-state performance for voltage and frequency control of the grid system. This strategy has three levels known as primary, secondary and tertiary level [19] [20] . Each level has different types of controllers and they perform specific control objectives. If one level is temporary shut down due to the faults, then the other control levels can't successfully regulate the power sharing in the microgrid.
In 
Modeling of Single-Phase Islanded Microgrid

Microgrid Outline
The closed-loop microgrid consists of input energy source (ES), a single stage voltage source inverter (VSI), output LC filter, line and load impedance and point of common coupling (PCC). Here, the single-phase inverter is used to convert the DC energy voltage into AC and makes it useable for the practical grid line use [22] . IGBT based VSI has been used and switching action of it is represented by
voltage. In Figure 1 , the filtering LC circuit is used to reduce the switching ripple of the inverter. A single point of common coupling (PCC) is used for the addition of microgrid network with the main grid network.
In the MG system the control of the VSI has done with the help of the reference grid voltage. In the Figure 1 
Single-Phase MG Mathematical Model
From Figure 1 , the inductor current is given by the following equation,
here, G I and C I are defined as the grid current and capacitor current respectively. Now let us consider L V as the Inductor voltage. Then the current into
But the Laplace transform of (2) 
But the product of duty ratio of inverter is the switching voltage or sw V . And there remains also the renewable dc voltage source dc V . So, we can rewrite,
In Figure 1 , as the capacitor is placed parallel to the main grid, for capacitor voltage we can write,
here, C I defines the capacitor current. The LT of Equation (8) will be 
And the output of the overall system is
If we drive Equations (10) and (11) as state-space re-presentation then we get,
y Cx Du = +
That means, state matrix
The different parameters have given in the Table 1.
Controller Design
In this paper our aim is to design a controller to recompose the unwanted oscillation of MG when it is on its Islanded mode. For this purpose, we have pro- From the Figure 2 , it can be observed that the single phase microgrid can be compared with the SISO (Single Input Single Output) system. So, we have to design such type of controller that can control a SISO system. To design it we have applied NI theory [21] .
From the SNI theorem we can write ( ) 
Now from Equation (14) & Equation (16) it can be written that
The transfer function of resonant controller is as follows,
The controller parameters are given below.
In Table 2 , We have chosen low gain for the proposed controller with low frequencies. And this decision has increased the controller gain and phase margin. Here, the low value of the damping constant f ζ would introduce the unexpected phase shift while the high value of it could provide low damping in the closed-loop system. In Equation (19) the phase shift of the system lies between −180 to 0 0 defined from bode plot in Figure 3 . So, this system follows the NI theory. For stability the parameters of the controller have chosen in such a way that the product of loop gain ( ) ( ) i G s C s * is always less than one.
Stability Checking
Performance Evaluation
In this section, the performance of the proposed controller has observed against different load condition such as non-linear loads, unknown loads, harmonic loads, consumer loads, asynchronous load conditions and they have drawn in the above 
Consumer Load
In our case study, for simulation purpose we have considered resistance ( 45 R = Ω ) as consumer load. Figure 5 shows the performance of the controller.
When the MG suddenly turns into its islanded mode, the closed-loop resonant controller takes its voltage level into a stable level.
Non-Linear Load
In this case study, here the performance of resonant controller has observed against the non-linear load like air-conditioners, televisions etc. But for our MATLAB simulation purpose here we have used diode bridge rectifier (twophase four pulse) with RC load (
) which is connected with the main grid (shown in Figure 4(a) ). From the performance Figure 6 , it can decide that the proposed controller have showed the maximum robustness against the non-linear loads.
Unknown-Load
In Figure 7 , the performance of the controller has been observed against the unknown load when it is connected with the main grid. At first, the MG was op- Figure 8 . From the results, it is seen that the proposed controller has excellent damping oscillation efficiency.
Harmonic Load
Asynchronous Load
For this asynchronous load simulation, here we have connected an induction load with the MG network which have shown in Figure 4 (d). This induction motor is modeled as a dq stator reference frame with capacitor-start and capacitor-start-run respectively. This dynamic load will affect the voltage because of the variation of active and reactive power of it. The performance of the proposed controller has showed in Figure 9 . For the use of proposed controller, we will see the robustness of it.
Conclusion
In this paper, we have proposed SISO system based resonant controller for mi- 
